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Introduction
Epoxide hydrolases (EHs) are a class of enzymes that catalyze the ring opening of epoxides via addition of a water molecule, resulting in the production of vicinal diols in mild aqueous environments, achieving a regio-, stereo-, and substrate-selectivity unrivaled by synthetic catalysts. [1] [2] [3] The kinetic resolution of racemic epoxide mixtures, as well as the stereoselective hydrolysis of meso-epoxides, make these biocatalysts a valuable resource for synthetic organic chemistry and biotechnological applications. [4] [5] [6] [7] [8] Most EHs share high sequence and structural similarity, exhibiting a classical α/β-hydrolase fold. 9, 10 However, a new EH sub-family has been recently discovered, named limonene-1,2-epoxide hydrolases (LEHs) from the natural substrate of the first isolated member. 11, 12 These homodimeric proteins show a different structure and catalytic mechanism from the α/β hydrolase fold family. [13] [14] [15] [16] LEH features a highly curved six-stranded mixed β-sheet, with four α-helices packed onto it to create a deep cavity. Notably, this pocket is largely hydrophobic in nature, except for a cluster of polar and charged residues at its deepest point that play a crucial role in the enzyme's reaction mechanism ( Figure 1a and 1b). When incubated with a diastereomeric mixture of its natural substrate, LEH shows a sequential and enantio-convergent conversion of the different isomers. 18, 19 Unfortunately, its use as a regio-and stereospecific biocatalyst has been limited so far by several issues, in particular: moderate to low enantioselectivity for substrates different from limonene-1,2-epoxide; narrow substrate specificity; and low thermal stability. 18, 20 Several studies have been conducted in recent years to address these issues. In particular, the groups of Reetz and Janssen have exploited directed evolution-guided approaches, sometimes coupled to computational methods, to evolve and engineer LEH properties. [21] [22] [23] [24] [25] [26] [27] [28] Although a broad set of highly enantioselective or thermostable variants has been obtained, the tradeoff between catalytic activity and structural stability, 29 combined with inadequate activity towards non-natural substrates is still hampering industrial applications of LEH.
Molecular simulation and modelling approaches have an important role to play in the development of LEH biocatalysts, because they can provide atomic-level insight into reactivity and binding, and reveal possible connections between enzyme structural and dynamic properties. Such knowledge can be used to guide the enzyme design process to engineer better properties.
The Himo group used a DFT cluster approach to build a simplified LEH active site model (i.e., only some key residues around the catalytic pocket were explicitly considered) that shed light on the enzyme catalytic mechanism. 30, 31 These studies demonstrated that theoretical methodologies that provide a quantum mechanical characterization of transition states can generate a quantitative description of catalytic mechanisms and can be also used as tools in the field of asymmetric biocatalysis. 31 According to Himo et al.'s results, LEH reacts by a one-step SN2-like general acid/general base-catalyzed mechanism that significantly differs from the two-step general basecatalyzed reaction of the other EH family members; this is supported by a hybrid quantum mechanics/molecular mechanics (QM/MM) study 32 . In particular, the Asp101-Arg99-Asp132 catalytic triad appears to drive a concerted reaction in which Asp132 acts as a general base, extracting a proton from a water molecule. The resulting hydroxide then attacks the epoxide, while Asp101
protonates the oxirane ring facilitating its opening. Overall, this model involves a proton abstractionproton donation mechanism that is well-known in enzyme catalysis and is sometimes referred to as a push-pull mechanism (Figure 1b and S1).
Although these data have elegantly clarified important features of LEH reactivity, several crucial points still remain to be addressed, such as the relevance of LEH dynamics/conformational behavior for its mechanism of substrate recognition and regioselectivity, as well as the impact of structural and conformational properties on LEH's limited adaptability to different substrates. Natural enzymes have indeed evolved to favor adaptation of their dynamic states to their catalytic/biological functions. 33, 34 The processes and interactions involved in substrate recognition, ligand-dependent conformational modifications of the active-site, the active role of water molecules, regulation at a distance via allosteric phenomena, all contribute to the complexity of the bio-catalysis problem and play a key role in fine tuning enzymatic behavior. [35] [36] [37] [38] [39] [40] [41] [42] [43] A comprehensive understanding of the properties of LEH therefore requires consideration of the dynamics of the whole enzymatic system.
Our purpose here is to gain mechanistic insight into LEH recognition, binding and catalysis and to investigate how these could be affected by the dynamics of the enzyme. Classical MD simulations, both in the presence of limonene-1,2-epoxide and the meso compound cyclopentene oxide ( Figure   1c ), for which LEH has very low activity, 19 were performed and the different conformations of the catalytic pocket analyzed. QM/MM methods were used to explore both the free and potential energy surfaces that govern the enzymatic reaction for the different substrates. 28, [30] [31] [32] the whole dimer has been considered in our simulations and consequentially the different substrates have been modeled in both monomeric chains (Figure 1a ). In addition to improving the reliability of the model, this allows increased sampling of the conformational landscape of the catalytic pockets. While experimental evidence 47 supports a model whereby the dimer is the active species and the starting crystal structure is doubly occupied by the natural inhibitor, it is conceivable that only one monomer could be occupied or react at any time. We thus also built a model where only one of the two monomers is occupied by the ligand. In particular, we aimed to test whether single-or double-occupancy could induce different internal dynamics (altering the conformations sampled). A comparison between the two cases is reported in the SI (see Figure S10 ). Considering the observed similarities in the internal dynamics patterns between the single or doubly occupied states, we proceeded with the analyses of the latter, which in any case represents the form considered more likely to be present in solution.
It is important to emphasize here that for each ligand state, we are not interested in the characterization of macroscopic conformational rearrangements such as (un)folding and (un)binding events; rather, we focus on the investigation of the enzyme internal dynamics around native, catalytically competent structures. Our aim is to identify the determinants of microscopic dynamics that may directly be related to the onset of functionally-oriented motions, differentially selected by different substrates. Note that the best substrate among the 4 stereoisomers of limonene-1,3-epoxide 18 (1R,2S,4R-limonene-1,2-epoxide) was considered in our calculations.
Whilst LEO stably occupies the LEH binding site (100% of the simulated time), the smaller PEO ligand shows significant mobility within the active site, retaining the original binding pose less than 50% of the simulated time ( Figure S3 ). Therefore, in order to evaluate the effects of PEO on LEH structures and dynamics (and obtain an equilibrated starting structure for free energy calculations), we restrained PEO and the catalytic water to be within hydrogen-bond distance from Asp101 and Asp132, respectively (see SI) in monomer B as this is an important requirement for the ring opening reaction.
No restraints were placed on PEO in monomer A (PEO-A), so that the dynamics in that subunit are unbiased.
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The time evolution of the Root-Mean-Square Deviation (RMSD) compared to the X-ray structure (all backbone heavy atoms excluding the highly mobile N-terminal tail, see Figure hydrophobic cluster defined by Leu58-Leu74-Met78-Leu147, which accounts for the majority of the conformational diversity of the enzyme cavity in the presence of the different substrates (see Figure   2 ). This suggests a possible key role for these residues in the modulation of substrate specificity. These data are in agreement with previous studies: Reetz, Janssen and coworkers demonstrated that point mutations of residues located in this area modulate LEH activity and enantioselectivity. 21, 28, 45 These groups were able to obtain highly enantioselective LEH variants that catalyze the hydrolytic opening of the PEO substrate. However, any (combination of) mutations in this region did not improve on the conversion displayed by wt LEH. Therefore, other factors may contribute to the observed low efficiency of LEH for non-natural ligands. Supplementary Information , the structural details of complexes are defined, see Table S1 ).
The dynamic influence of a particular ligand may extend well beyond the active site and so we set out to unravel the network of enzyme residues that mechanically respond to the presence (or absence) of a particular ligand. Analysis of the matrix of distance fluctuations between residue pairs (see Methods) provides a useful method to identify coordinated motions within a protein and link the internal dynamics of LEH to the conformational effects of the ligands. 48 The study of such microscopic coordination patterns, in the ensemble of reactive structures, i.e., structures in which the distances and relative orientations among reactive centers are compatible with the onset of acid-base and nucleophilic attack (see also Methods and the Reaction Mechanism paragraph), has proven to efficiently identify the substructures that sustain the onset of functionally-oriented motions. [49] [50] [51] Comparisons of the distance fluctuation matrices highlight interesting differences ( Figure S7 ). The Specifically, the presence of LEO reinforces the dynamical coordination between the hydrophobic cluster and the C-terminal α-helix (residues 139-145, orange in Figure 2 ). In the PEO model, the increased flexibility of Leu147-Met78 affects the local dynamics at the C-terminal region, which parallels the modulation of its secondary structure, shown by a drop in the α-helix propensity during the simulation for the PEO-A model ( Figure S11 ). It has previously been suggested that the flexibility of this segment modulates the activity of the enzyme by regulating the entrance to the active site and therefore blocking/favoring substrate binding and product release. 25, 46 Support for these observations comes from the work of Reetz and coworkers, who observed a link between the conformational changes in this region and perturbation of the active site. 21, 27, 28 Our data suggest that the hydrophobic core near the binding site is allosterically connected to specific distal regions of the protein: perturbation of the properties of the latter then can be expected to have an impact not only their structural plasticity and stability but the substrate recognition and stereochemical outcome of reactions catalyzed by LEH.
Reaction mechanism: combining enzyme dynamic modulation and epoxide hydrolysis. (B3LYP/6-31G*/ff99SB//SCC-DFTB/ff99SB) single point calculations are used to correct the potential energy surfaces at higher level of theory (see Methods).
Similar approaches have been successfully used for the characterization of analogous systems. [68] [69] [70] Hydrolysis by LEH occurs via a complex mechanism (see Figure S1 ): the Asp101-Arg99-Asp132 triad drives a concerted reaction involving the deprotonation of a water molecule by Asp132, the nucleophilic attack of the resulting hydroxide ion on the epoxide and protonation of the oxirane ring by the protonated Asp101 (specifically labeled Ash101). Arg99 is strongly associated through hydrogen bonds and electrostatic interactions with both Asp101 and Asp132 and even if it is not directly involved in the reaction mechanism, its mutation results in a deactivated enzyme. 17 This complex picture is completed by the proper positioning and activation of the nucleophilic water by the H-bond network formed by Asn55 and Tyr53 (and Asp132 itself) 17, 30 . In our model, the side chains of the residues of the catalytic triad, the water molecule and the epoxide are included in the QM region. The opening of the epoxide can result from the attack on either of the two carbon atoms of the LEO oxirane ring (C1, C2, Figure 1c) ; however, experimental evidence indicates that the water molecule privileges the attack on the more substituted C1 atom. 30, 32 Both reaction pathways were computed for the LEO model (C1-LEO, C2-LEO) while only one carbon attack was considered for the PEO meso-epoxide.
To model the epoxide ring opening reaction, umbrella sampling QM/MM MD simulations (SCC-DFTB/ff99SB) were performed along the following two reaction coordinates (RCs). The first reaction coordinate describes proton abstraction from the water molecule and the nucleophilic attack, and the second accounts for the activation of the epoxide by proton transfer and the ring opening. (Figure S3 and Methods). Using the transition state (TS) conformations located on the resulting 3D PMF surfaces as starting points, potential energy surfaces (PES) were obtained by adiabatic mapping along the reaction coordinates at the same level of theory (see Method sections). DFT QM/MM (B3LYP/6-31G*//ff99SB) single point energy calculations were used to correct the resulting 513 (27x19) pointsspaced 3D PES.
For all the 3 cases studied (C1-LEO, C2-LEO and PEO), there are only two minima in both the free and potential energy surfaces (see Figure 3 and SI) corresponding to the reactants and diol product, consistent with the concerted mechanism proposed in the literature. However, the minimum energy paths (MEPs) for each model indicate that the reaction for attack at C1 follows a slightly different catalytic cycle. ). This outcome is in line with the recent results from the Reetz group, whereby the authors used simplified static QM models to compute the activation energies of a LEH mutant for cyclopentene and cyclohexene oxide hydrolysis. 28 They computed similar activation energies for the two systems (13.4
kcal mol -1 and 14.1 kcal mol -1 for the 5-and 6-membered ring substrates respectively, considering the attack on the most favorable carbon atom of the epoxide), while the percentage of substrate conversion still favors the hydrolysis of the cyclohexene oxide substrate. This further supports our model. Combined with previous observations, this suggests that the very low LEH activity towards PEO may not be due solely to a difference in activation energy. Other factors may come into play, including the above calculated lower binding affinity of PEO. Alternative/complementary factors include a possible slower substrate approach or product release for PEO, and the difficulty in finding the correct positioning in the active site of the enzyme which has evolved to accept and process larger, more hydrophobic substrates. We suggest that these elements may be targeted in the design of improved LEH variants.
Of the three substrates, the reaction of PEO is the most exergonic; this can be explained by the larger amount of strain energy released upon product formation in the 5 membered-ring ligand compared to LEO; indeed, the ring strain energies per C-atom released (calculated with the MacroModel Schrodinger suite, Schrödinger Release 2018-1: MacroModel, Schrödinger, LLC, New York, NY, 2018) are ca 4 and 7.1 kJ mol -1 for LEO and PEO, respectively, in line with previous literature data. 71 In order to rationalize the differences in the free energy surfaces, we analyzed and compared the geometry and the electronic features of the C1-LEO, C2-LEO and PEO TSs (note that TS structures derived on B3LYP/6-31G*/ff99SB//SCC-DFTB/ff99SB Potential Energy Surfaces have been used as reference for the characterizations, Figure S15 ). According to the previously reported model by the Himo group, epoxide opening at C1/C2 is controlled by conformational factors, in which the C1-attack results in a more stable chair-like TS with respect to the C2-attack derived twist-boat conformation. 30 The same trend is observed in our calculations, where C1-nucleophilic attack is mediated by a chairlike LEO conformation, while C2-LEO TSs structure shows a less a stable twist-boat conformation indicate that the hydrogen transfer process (RC2) is more advanced in the TS for the C1-LEO pathway, compared to the other two models. Consequently, a significant redistribution of the electron density (charge-transfer like state) is observed (see Table S4 ) that leads to a rearrangement of the bond lengths pattern for the C1-LEO TS, missing in either the C2-LEO or PEO pathways (see Figure 4 and Table S2 ). In particular, C1-LEO shows a stretching of the C1-O bond increasing the acid character of the oxygen atom, whose polarization (quantified here as difference between the Mulliken atomic charges of the atoms defining the covalent bond) is favored by the ability of the more substituted carbon to stabilize the developing positive charge by inductive effects (further indicated by the contraction of the C1-C7
bond, see Figure 4 ). The electronic redistribution also includes the contraction of the C1-C6 bond accumulating a partial positive charge on C6 (1.51 Å and 1.49 Å in C1-LEO reactant and TS respectively, see Table S2 ), the reduction of the C2-O distance and the consequent stretching of the adjacent C2-C3 bond by inductive effect (1.50 Å and 1.52 Å in C1-LEO reactant and TS respectively, see Table S2 ) complete the electron redistribution pattern in C1-LEO TS (Table S2 and Table S4 ).
The different reactivity of C2-LEO vs. PEO leads to different characteristics of their respective TSs. In both the C2-LEO and PEO models, protonation of the oxirane ring by Asp101 is not very advanced, but the water activation and nucleophilic attack processes are quite advanced in the TSs (Figure 4) . respectively, see Figure 4 and Table S3 ). This conformation favors the nucleophilic attack, and accordingly the water-epoxide distance in C2-LEO and PEO is significantly reduced compared to C1-LEO TS (2.38 Å, 2.11 Å, 2.10 Å in C1-LEO, C2-LEO and PEO respectively). The delocalization of the OH -charge into the epoxide ring does not lead to the same extent of charge redistribution observed in the charge-transfer-like path for C1-LEO and the nucleophilic attack on the less substituted carbon is favored by steric factors, being this the most accessible position (and leading to an optimal nucleophilic attack angle of ca. 150°, see Table S3 ). In this scenario, the lack of an electron-donating group that can stabilize the positively-charged TS leads PEO to follow the C2-like reaction pathway. 
Conclusions
The simultaneous optimization of catalytic efficiency and selectivity, structural stability, and adaptability towards non-natural substrates is still a significant hurdle for the general applicability of LEH biocatalysis. Thorough understanding of the LEH functions requires the construction of a comprehensive model that can account for both dynamic and mechanistic properties and consider the long-range effects that originate from or may impact on the conformational rearrangements of the catalytic site.
Combining QM/MM free energy simulations, the characterization of the protein internal dynamics and binding affinity calculations via the first-principles WaterSwap method, we have explored mechanistic aspects of LEH catalysis in depth, focusing in particular on identifying correlations between enzyme function, the affinity for the ligand, function-related conformational sampling and catalysis, which may be modulated by the cross-talk between the enzyme structure and the different substrates. In addition, kinetics of substrate binding or product release can play a role.
Our results show that LEH exploits a concerted mechanism to catalyze epoxide opening; corroborating previous findings, 30, 31 we have shown that LEH regioselectivity is guided by two different transition states: the preferred attack on the most substituted carbon atom is mediated by a chair-like LEO conformation, while a less stable twist-boat conformation leads the attack on the less substituted carbon atom. In addition, the (ligand dependent) organization of the active site results in a different first event of the catalytic activation, and this in turn defines the regiochemical outcome of the hydrolysis reaction. We thus suggest that LEH regioselectivity results from a combination of both conformational and electronic parameters, and the relative influence of these will depend on the specific substrate.
Our data further support the hypothesis that LEH substrate selectivity and specificity are governed by different driving forces. While the computed reaction barriers and the underlying reaction pathways for PEO and LEO hydrolysis are very similar, the lower binding affinity for the non-natural substrate substantially disfavors its reactivity. 18 The presence of the larger LEO ligand stabilizes a network of (mainly hydrophobic) interactions that favors the catalytically competent conformation. PEO binding prevents the enzyme from stably populating the active conformations: in particular, a large rearrangement is observed in the region of the hydrophobic cluster formed by Leu58-Leu74-Met78-Leu147 residues, which turns out to be an important factor for LEH specificity. 17, 27, 28 Our work (which applies the WaterSwap method to biocatalysis for the first time) provides novel insights into the relationships between protein internal motions, molecular recognition and catalysis.
The in-depth analysis of LEH catalysis sheds light on the balance between LEH selectivity and specificity for natural and non-natural substrates, and offers a basis for the rational modulation of LEH properties.
Methods
System setup and MD simulations. The starting structures for MD simulations in complex with the different ligands (LEO and PEO) were obtained from docking using the limonene-1,2-epoxide hydrolase crystallographic structure in its dimeric form in complex with the inhibitor valpromide (LEH, PDB code 1NU3, 1.75 Å resolution) 46 Docking calculations were performed using Glide, 72 Where brackets indicate the time-average over the trajectory.
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